Introduction
Natural alkaloid berberine has been used in medicine for a long time for treating a number of diseases. Preparations of berberine have been found to have cytotoxic, bactericidal, and antiviral effects [1] . Moreover, berberine influences the cancer cell metabolism by destroying cells irreversibly. Such activity of the alkaloid is attributed to its ability to intercalate into the DNA macromolecule by blocking the processes of replication and transcription. Many articles are devoted to the interaction between berberine and nuclei acids, see, e.g., reviews [1, 2] . Another important target for antitumour berberine agents is DNA-topoisomerase: berberine can inhibit topoisomerase, by breaking the connection between this enzyme and DNA [3] .
To clarify which mechanism causes berberine to produce its therapeutic effect, it is necessary to know the mechanisms by which it binds to DNA. Earlier, using the Raman spectroscopy method, we revealed an interesting fact of a resonance interaction of berberine and DNA vibrations [4, 5] . It was found that, in the DNA-berberine solution, the intensity of vibrations of both berberine and DNA increases greatly (by orders as compared to those of the spectra of components) in the range where their intense spectra overlap (1000-1700 cm −1 ). To explain this interaction, the detailed data about berberine and DNA vibrational spectra are required.
The vibrational spectra of berberine were previously investigated with the use of the Raman [6] [7] [8] [9] and IRabsorption spectroscopy methods [7, 9] , but no exhaustive interpretation of the obtained spectra was given in those works. In works [7] [8] [9] , the Raman spectra of berberine in the range of 600-1800 cm −1 obtained by the SERS and SSRS (surface-enhanced and shifted-subtracted Raman spectroscopy) methods were presented.
This work continues and develop our study described in [10] .
Materials and Methods
Natural berberine is mainly contained in plants as hydrochloride + (see Fig. 1 ). The quantum-mechanical investigations of the berberine structure were carried out in [11, 12] . The results of studies of the spatial structure of berberine cation isomers [12] demonstrate that the berberine cation that consists of hexamerous planar rings has an almost planar frame structure. A deviation from this planar structure is observed only in a partially saturated C ring. It conforms to the shape of a half-chair, in which C7 and C8 atoms of the C ring deviate appreciably from the plane of B and D rings.
The microcrystalline powder of berberine has been studied (berberine hydrochloride, "Alps Pharmaceutical", Japan, 407 g/Mole). Since berberine absorbs in the range to 550 nm [13] , a He-Ne laser emission (λ = 6328 A) has been used for the excitation of Raman spectra; the real power on a specimen was ∼ 10 mW. Some spectra were obtained by using a Kr-laser (λ = 6471Å) with a power ∼ 60-80 mW on a specimen. Raman spectra have been measured at room temperature with the 45
• -reflection geometry using an optical setup made on the basis of a double-grating monochromator DFS-24 with a resolution of 1.5 cm −1 . A laser beam was focused on a specimen with a cylindrical lens to obtain an elongated irradiated area parallel to the entrance slit of the spectrometer. To improve the signal-to-noise ratio, the time accumulation at the point was ∼ 1.6 s (multipass mode). Spectra were recorded in the range of 40-4000 cm −1 . The IR-absorption spectra of berberine (microcrystalline powder) were recorded with a Nicolet NEXUS-470 Fourier spectrometer. We used the ATR (Attenuated Total Reflectance) technique. To improve the signal-tonoise ratio, a signal accumulation regime was used (128 scans). Spectra were recorded in the range of 400-4000 cm −1 with a resolution ≤ 1 cm −1 . In the resulting spectra, Fresnel losses on the input and output surfaces of specimens were allowed for. In addition, to obtain the absorption spectra, the dependence of the penetration depth of evanescent waves into the sample on their wavelength is considered according to the relation [14] 
where n and n s are refractive indices of a prism (diamond) and a specimen, respectively, λ is a light wavelength, and θ is an incident beam angle. In some cases, experimental spectra were treated, by using the Origin and PeakFit programs to specify the data on the band position, the number of band components, and so on.
The optimized geometry of the berberine cation was calculated by the DFT method at the B3LYP/6-311++G(d,p) level without any structural restrictions. At this level, the vibrational (Raman and IR-absorption) spectra were calculated in the harmonic approximation. It should be noted that, for the first time in an optimized structure, the intermolecular hydrogen bond CH. . . O between metoxylic groups OCH 3 of berberine was found [10] . The existence of the bond was determined based on the presence of a critical point of (3,-1) type on the electron density distribution by the АIМ method [15] . The binding energy was found to be 3.12 kcal/mole. The DFT calculations were performed using the "Gaus- sian03 " program package for Win32 [16] granted by the "Gaussian" corporation.
Because the DFT method usually overestimates frequencies, a scaling factor of 0.985 was used for the comparison of calculated and experimental data. This correction was necessary due to errors in the calculation of interatomic interactions as a result of the limited basic functions set [17] . The value 0.985 provides the best correspondence between calculated and experimental data. The scaling factor was determined by Raman spectra -as it turned out, the shapes of calculated and experimental spectra was more similar for Raman spectra, and the correspondence between calculated and experimental frequencies was practically unambiguous. In our case, the scaling factor is close to 1 indicating that the used basic set is sufficient for the studied molecule.
In addition, it is known that the Gaussian set of programs deals with Raman activities S i , not intensities I i [18, 19] . Therefore for comparing with the experiment, the Raman activities S i were corrected by the following relationship to obtain Raman intensities [18] :
Here, C is a constant, ν 0 is the laser excitation line frequency, ν i is the vibrational frequency, h, k, c, T are Planck and Boltzmann constants, speed of light, and temperature in degrees Kelvin, respectively. The values of frequencies and relative intensities of spectral lines with regard for the aforementioned correc- tions and the detailed interpretation of vibrations are presented in Table. 3
. Results and Discussion
The berberine crystal (C 20 H 18 NO [20] . Due to a low symmetry, there are no degenerated vibrations in vibrational spectra of berberine. The correspondence between the "crystalline" and "molecular" modes is unambiguous. The most essential difference between the spectra of free and crystalline berberine had to reveal itself in the range of very low frequencies (the so-called external vibrations, there are three of them at z = 2. In the range of middle and high frequencies (internal vibrations), the influence of a crystal structure is very weak. Both duplication in the number of vibrations (because of z = 2) and some shifting of the vibrational bands take place. Therefore, we believe that the comparison of experimental vibrational spectra of microcrystalline berberine with calculated spectra of the berberine cation in the actual range of 600-1800 cm −1 was sufficiently correct, which was confirmed by the following analysis. Experimental and calculated Raman and IR-absorption spectra in the range of 800-1700 cm −1 are presented in Figs. 2 and 3, respectively. The frequency values -both experimental and calculated using the scaling factor -are presented in Table. The relative intensities of Raman lines were corrected by (1) . In this case, we are interested more in the range of 1000-1700 cm −1 . This is because berberine vibrations are the most intense in this range, and there a resonance interaction of the berberine and DNA vibrations (increasing by orders) is observed in the Raman spectrum of a berberine-DNA water solution [4, 5] . ; weak " and "strong" denote vibrations with small and large displacements, respectively. Vibrations: ν -stretching, δ -deformation (for the CH 2 -groups, the same as bending); τ : -torsion; ν − δ: a part of C atoms in a ring performs ν-vibrations, and the others perform δ-vibrations; for CH 2 -groups -f : wagging; p: rocking (atoms vibrate in one plane); for CH 3 -groups -u: umbrella (symmetric δ-vibrations); p: rocking (atoms vibrate in parallel planes); for τ , f, p -vibrations preserve the rigidity of CH 3 and CH 2 groups.
Unfortunately, the high frequency region of 3000-3300 cm −1 was not applicable to the comparative analysis: Raman spectra have very small intensities in this region, and IR-absorption spectra are only loosely correlated with calculations.
The calculated spectrum consists of 123(3 × 43 − 6) non-degenerate vibrations of a berberine cation [C 20 H 18 NO 4 ] + , 105 of which lie in the range of 20-1700 cm −1 (61 of which are in the actual range of 800-1700 cm −1 ), other 18 ones fall in the range of 3000-3300 cm −1 . Low-range frequencies up to 720 cm −1 correspond to out-of-plane vibrations of rings and associated groups. In-plane vibrations of rings appear beginning with 720 cm −1 ; in particular, the only sufficiently intense 727-cm −1 Raman mode outside of the range of 1200-1700 cm −1 . In-plane vibrations are characteristic of the entire range from 720 to 1700 cm −1 . The high-frequency region of 3000-3300 cm −1 consists of the modes corresponding to vibrations of C-H-bonds with weak displacements of other atoms, mostly C.
In Fig. 2 ,a, the experimental Raman spectrum of berberine (microcrystalline powder) in the range of 1000-1700 cm −1 at the excitation by the 6328-Å line is presented. We adjusted the spectra, by subtracting the linearly decreased background and by smoothing the noise level slightly. In the experimental spectrum, more than twenty vibration modes were registered, and the strong correlation was observed between our data and data of [6, 9] (see Table) , where the reasonably good berberine Raman spectra in the range of 1000-1700 cm −1 were presented (in [9] , FT-Raman). Unfortunately, in Tables in [6, 9] , only the frequencies of the most intense bands were given; an interpretation of vibrations was absent, or it was incomplete or inadequate. It should be noted that the Raman spectra of berberine obtained in [7] [8] [9] by the SERS and SSRS methods are not applicable fully for the correct comparative analysis of the experimental and calculated data.
In Fig. 2 ,b, we present the calculated Raman spectrum of a berberine cation in the range of 1000-1700 cm −1 , by using a scaling factor.
The frequency values and the detailed interpretation are presented in Table. The strong correlation between experimental and calculated spectra is observed in the range of 1000-1700 cm −1 -both between frequencies and intensities of vibrations. In the range up to 1000 cm −1 , besides a 727 cm −1 mode, the intensities of calculated vibrations are very small (less by 2-4 orders) in agreement with experimental data. Notice that some modes very weak by calculations (e.g., 1302 cm −1 ) are revealed in experimental spectra.
In Fig. 3 ,a, the IR-absorption spectrum of berberine (microcrystalline powder) in the range of 800-1700 cm −1 is presented (after subtracting the background), about 40 rather intense separated vibrational modes are observed, the good agreement between our data and data of [7] [8] [9] takes place (see Table) .
It should be mentioned that the obtained experimental IR-absorption and Raman spectra appear quite similar to the IR-absorption spectra and the FT-Raman spec-trum presented in [7, 9] ; but IR-frequency values were presented in [7] only for the most intense lines, whereas they were not presented at all in [9] . Moreover, the analysis in [7, 9] was performed with SERS spectra that did not correspond well to our spectra by shape. The calculated Raman and IR-absorption spectra appear very similar to those we calculated, but differences in frequency values are quite substantial. Experimental and calculated Raman spectra are similar, but IR spectra are not.
We attribute this discrepancy to the fact that the calculations usually use an ion or molecule of berberine, but experiments are conducted with commercially produced crystallohydrate. Since the dipolarity of vibrations for IR-absorption processes is important, we have not discounted the possibility that the presence of dipole water molecules (and OH-groups) in specimens might have led to the dipole-dipole interaction with berberine molecules, and the results of the interaction might be revealed in IR-absorption spectra. The influence on Raman spectra is weaker, because the Raman scattering processes are related to the electron system, and the influence of the dipole-dipole interaction on the vibrational system is less direct.
In Fig. 3 ,b, we present the calculated IR-absorption spectrum of berberine (cation) in the range of 800-1700 cm −1 , by considering a scaling factor. The relatively strong correlation between the frequencies of experimental and calculated IR-absorption spectra is observed in the range of 800-1700 cm −1 ; the correlation between the intensities of vibrations is somewhat worse, for the aforementioned reasons. It should be noted that, contrary to Raman spectra, some modes that were calculated to be intense were not observed at all in experimental IR-spectra, or they had only a very weak intensity (e.g., 1149, 1242, 1285, 1408, 1471 cm −1 , etc.). In this case, the lines of an unknown nature were revealed in Raman and IR spectra (1127 cm −1 (IR), 1129 cm −1 (Raman) etc.).
Conclusions
Thus, the Raman and IR-absorption spectra have been obtained for a berberine cation by DFT at the B3LYP/6-311++G(d,p) level. The optimized geometry of the berberine cation was calculated as well. The results of calculations strongly correlate with experimental data obtained for microcrystalline berberine chloride in the region of 1000-1700 cm −1 significant from the viewpoint of the interaction of berberine with DNA. The obtained interpretation of the Raman bands of berberine can be used for an analysis of the berberine interaction with nuclei acids and other biomolecules. The DFT method can be used, with satisfactory reliability, to calculate vibrational spectra of other isoquinoline alkaloids of the protoberberine group, for which obtaining the Raman vibrational spectra would be complicated or even impossible for one reason or another.
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